Abstract. We propose to couple a trapped single electron to superconducting structures located at a variable distance from the electron. The electron is captured in a cryogenic Penning trap using electric fields and a static magnetic field in the Tesla range. Measurements on the electron will allow investigating the properties of the superconductor such as vortex structure, damping and decoherence. We propose to couple a superconducting microwave resonator to the electron in order to realize a circuit QED-like experiment, as well as to couple superconducting Josephson junctions or superconducting quantum interferometers (SQUIDs) to the electron. The electron may also be coupled to a vortex which is situated in a double well potential, realized by nearby pinning centers in the superconductor, acting as a quantum mechanical two level system that can be controlled by a transport current tilting the double well potential. When the vortex is trapped in the interferometer arms of a SQUID, this would allow its detection both by the SQUID and by the electron.
Introduction
Single atomic quantum systems, photons, ions or solid Examples of hybrid quantum systems are single ions coupled by an electric conductor [1, 2, 3] , Rydberg atoms interacting with a superconducting microwave resonator [4] and cold atoms above superconducting traps [5, 6, 7, 8, 9] or carbon nanotubes [10] . Coplanar superconducting resonators with high quality factors Q have been successfully coupled to a Cooper pair box [11] ; it is intended to exploit a similar technique to coherently couple trapped molecules [12] and Bose-Einstein condensates [13] to superconducting cavities. Very recently strong cooperative magnetic coupling has been demonstrated with spin ensembles implemented with nitrogen-vacancy(NV) centers in diamond [14] , and with both ruby(Cr 3+ ions) and NV defects [15] coupled to the magnetic field of a single photon in a superconducting resonator. Other examples of hybrid quantum systems "naturally" appear in superconducting qubits and are usually associated with two-level microscopic defect states coupled to the electric field inside the Josephson junctions [16, 17, 18] . Approaching a single electron to a low temperature surface and measuring the decoherence properties of such systems would allow to complement nicely investigations of motional heating in planar ion traps, as performed with closeby normal conducting or superconducting surfaces at a temperature of 4.2 K temperature [19, 20] .
The integration of superconducting devices and traps for single electrons will combine a fundamental solid state quantum system with a controlled quantum optical sys- 
where ω c = eB 0 /mc is the free electron cyclotron frequency, ω + is the reduced cyclotron frequency, ω − the magnetron frequency, and ω z the axial frequency. Characteristic numbers for these frequencies in a trap of size r 0 ∼ for planar Penning traps is found in [30] , specializing the design rules which have been introduced in [21] and used for three-dimensional traps [31] . A numerical code would take into account non-symmetric contributions, electrode gaps and other imperfections [32, 33] . When the electron is detected with a resonant circuit and a pre-amplifier anchored at T = 0.1 K, the axial electron temperature of typically about 5 K results from its coupling to the thermal noise of the amplifier, which noise temperature can hardly be lowered into the sub-Kelvin range, see Refs.
[ 35, 34] . Thus, the electron wavefunction experiences some range of the potential, sensing also its anharmonicities.
Only if such anharmonic terms are corrected for, the axial After an interaction time τ , electron is moved back into the "analysis" trap and the spin state is read out with an additional π/2 pulse, followed by a measurement of its axial frequency [36] . By repeating this sequence for varying interaction time, detuning and distance to the surface of the interaction planar trap, one can perform quantum decoherence microscopy [37] and obtain the full information about spin-surface interaction. ning sites into the structures. Below, examples for both strategies will be given.
Coupling schemes
There are several ways to couple an electron to a superconducting structure. The motion of the trapped electron will be affected by magnetic fields created by the superconductor. In addition, when superconducting resonators or active devices such as Josephson junctions or SQUIDs are considered, coupling to electric fields is possible as well. 
Magnetic coupling to Abrikosov vortices
Let us first consider magnetic fields generated by the su- In an unpatterned film the electron will orbit above a more or less regular lattice of Abrikosov vortices, causing a periodic field modulation above the superconducting surface. The field generated by one vortex is on the or-
, where λ L (typically 100-200 nm, depending on the superconductor) is the London penetration depth.
For intervortex distances well above λ L one thus has a field modulation in the range of 100 mT at the superconducting surface, which however decreases almost exponen- tially with growing distance from the surface. Also, for fields (perpendicular to the substrate) higher than 0.1 T the vortices begin to overlap strongly and the field modulation further decreases.
In principle, the trapped electron can sense magnetic field variations at a level of few parts in 10 −13 [26] , which would correspond to the sub-pico Tesla regime. Nevertheless, initially one should aim to reach micro-or nano-Tesla accuracy which is already enough to reveal the interaction with a superconducting surface.
If a certain configuration (ranging from triangular or square to quasiperiodic [42] ) of vortices in the film plane is desired, one may pattern the film, e. g. by introducing nanoholes (antidots) hosting the vortices or by patterning arrays of superconducting rings. This will increase the field modulation at a given distance to the surface, although not by orders of magnitude. More importantly, the maximum supercurrent that can be carried by a perforated structure can be enhanced significantly. Arrays of micrometer sized antidots have been studied intensively in the context of vortex pinning or vortex guidance [38, 39] .
Recently, also hole sizes around 20 nm have been reported in self-assembled systems [40] . One can also use arrays of vertically grown carbon nanotubes as columnar pinning sites with a diameter around 60 nm [41] . 
Coupling to Josephson junctions and SQUIDS
A SQUID will most likely not be sensitive enough to detect a single electron via the magnetic field created by its spin or its orbital motion (which can be viewed as a circulating current coupling flux to the SQUID). However, still both SQUIDs and single junctions, will be useful elements to couple ac electromagnetic fields, generated by the ac Josephson currents at GHz frequencies, to the elec- 
Cavity QED-coupling
To couple axial or cyclotron degrees of freedom of an electron to a high-Q resonator, like it has been already demonstrated for coupling of a Cooper-Pair-Box to a coplanar microwave resonator [11] , one needs to develop a suitable micro-Penning trap. This trap will have electrodes through-metalized on sapphire sheets, which makes its structure similar to a sandwich, thus limiting the stray capacity to a sub-pico Farad value. For efficient coupling of axial oscillations of an electron to the microwave resonator modes, the resonator must be implemented on one of the trap layers and be connected to the end cap of the 
Perspectives and Conclusion
In the present article, we have proposed a new hybrid system, namely a single electron above superconducting 
